Objectives-To evaluate whether genetic factors contribute to the association between low birth weight and increased blood pressure among adolescents. Design-Historical cohort study of twin pairs. It was evaluated whether (1) a negative association between birth weight and systolic blood pressure was found in the overall twin sample and (2) whether the intrapair diVerence in birth weight correlated with the intrapair diVerence in systolic blood pressure-thereby controlling for the eVect of genetic factors (all in monozygotic and on average half in dizygotic pairs). Setting-The Minnesota Twin Family Study.
The association between low birth weight and later life insulin resistance, non-insulin dependent diabetes (NIDDM), coronary artery disease and hypertension has been confirmed in numerous studies. 1 The fetal programming hypothesis suggests that a person's nourishment before birth "programmes" the development of risk factors for these diseases later in life. Within the past years two books have been published that review the literature pertinent to this hypothesis. In one of the books, Barker concludes that "Because of poor nutrition and health among girls and women, before and during pregnancy, many fetuses are undernourished. This permanently changes their structure, physiology and metabolism in ways that lead to chronic diseases in later life" 1 (page 224). In contrast, Susser states in the foreword to the other book that "At best, if not unimportantly, programming could create predispositions and vulnerability to life course experience" 2 (page vii). There is little doubt that an association exists between fetal growth and later life health outcomes such as blood pressure or cardiovascular mortality. The key question is, however, whether it is fetal nourishment or other factors such as genes or socioeconomic conditions that cause the associations. Recent studies suggest that socioeconomic confounding cannot explain the association between fetal growth and cardiovascular mortality, 3 but few studies have evaluated the influence of genetic confounding.
The potential for genetic confounding has been illustrated by Dunger et al, 4 who showed that variation in the insulin gene (INS VNTR) is associated with fetal growth. Based on studies of fetal insulin secretion and monogenic diseases, Hattersley and Tooke 5 recently proposed that genetically determined insulin resistance contributes substantially to the association of low birth weight with diabetes, hypertension and vascular diseases and named this hypothesis the "fetal insulin hypothesis".
We used the Minnesota Twin Family study to test the potential influence of genetic confounding on the association between birth weight and systolic blood pressure, which is the best documented association between fetal growth and later life health outcome. 1 2 6-8 The eVect of genetic confounding was evaluated by analysing individual twin data as well as intrapair diVerences in birth weight and systolic blood pressure. This approach enables controlling for the eVect of all genetic factors in monozygotic pairs and on average half of the genetic factors in dizygotic pairs as well as environmental maternal eVects. Two recent twin studies 9 10 using a similar design did not find evidence for a genetic component to the association, but as pointed out in the accompanying editorial, 11 the number of monozygotic twin pairs in these studies was sparse.
Phillips 12 has argued that even small birth weight diVerences in twins could reflect important diVerences in intrauterine conditions important for programming of diseases later in life, because the mean birth weight among twins is already considerably lower than in singletons. Therefore, birth weight diVerences in twins oVer a unique opportunity to test the "fetal insulin hypothesis".
Methods

PARTICIPANTS
The sample consisted of adolescent twin participants from the Minnesota Twin Family Study. Two cohorts were assessed: an 11 year old cohort assessed when the twins were approximately 11 years old (the age range is 11 to 12 years), and a 17 year old cohort assessed when the twins were approximately 17 years old (age range 17 to 18 years). The Minnesota Twin Family Study uses a population-based ascertainment scheme, with non-participating families diVering minimally from participating families with respect to indicators of socioeconomic status and self reported mental health. 13 Of the 1383 twin pairs who completed the Minnesota Twin Family Study intake assessment, the present sample consisted of the 1311 twin pairs with both members having a valid measurement of systolic blood pressure and birth weight. The major reasons for missing data were either the failure to record birth weight on the birth record, or the failure to measure blood pressure because the assessment day for some participants ran longer than the eight hour limit.
MEASUREMENTS
Three blood pressure readings were taken on each participant using an automated blood pressure recording system. Readings were obtained following standard procedures while the participant was sitting with their arm resting on a table. The median systolic recordings are analysed in this study. To adjust for possible calibration errors that might have occurred with the automated system over time, median blood pressure recordings were adjusted for the month in which it was taken. Specifically, for each month a five month running average was computed and subtracted from the overall mean. These mean deviations were subtracted from the observed median reading to produce an adjusted score. The adjustment of the blood pressure data had minimal impact on the values analysed. There was a slight, albeit statistically significant, tendency for blood pressure recordings to decrease over the course of the study. The adjusted scores diVered on average by 2.5 mm Hg in systolic blood pressure and 1.8 mm Hg for diastolic blood pressure. Fewer than 3% of the scores changed by as much as 8 mm Hg systolic blood pressure or 4 mm Hg diastolic blood pressure. Because the two twins in a twin pair were assessed the same day, the adjustment did not influence the results in the intrapair analyses. This was confirmed by analysing both the adjusted and the unadjusted values, which yielded similar results in the analyses of the overall sample as well as the intrapair diVerences. Birth weight was obtained from the oYcial State of Minnesota birth records. Current weight was measured on a level platform scale with a beam and movable weights.
STATISTICAL ANALYSIS
As in Hopper and Seeman 14 for each twin, i, of a pair (i=1,2) let Y i be systolic blood pressure and X 1i = birth weight and X 2i = current weight. Let Y i =a 0 +a 1 X 1i +a 2 X 2i +E i (1) where E i represents measurement error and eVects specific to twin i. Each of the coeYcients a 1 and a 2 represents the strength of a linear association between the blood pressure and a corresponding variable. The intrapair diVerence is
where D j = X j1 -X j2 (j = 1,2) and E = E 1 -E 2 .
From (2) it can be seen that the same coeYcients a 1 , a 2 can be estimated by regressing D against D 1 , D 2 , and constraining the fitted line to pass through the origin (because (2) does not have an intercept term). This second regression approach controls for age, sex and genetic factors (all in monozygotic twins and on average half in dizygotic twins). Table 1 shows the expected age and sex patterns for blood pressure: higher values for males than for females and for the older groups compared with the younger groups. There was no systematic diVerence in blood pressure or birth weight between zygosity groups, but dizygotic twins tended to have the highest current weight. Table 2 shows the result of the regression analyses. In the overall sample a negative 8 we found a larger coeYcient for females −2.85 mm Hg/kg (SE 0.88) compared with males −1.40 mm Hg/kg (SE 0.68). We also found a larger eVect for monozygotic twins compared with dizygotic twins, but when the coeYcient was stratified according to sex, age and zygosity it was seen that this was primarily attributable to one group (dizygotic women aged [17] [18] .
Results
If the traditional procedures for calculating the standard errors in the overall analyses are used, then the standard errors will be underestimated because the twins correlate in blood pressure. Therefore we used Generalized Estimating Equations (GEE) 15 to assess the standard errors in the overall analyses, using the STATA software 16 (for example, using traditional procedures we obtained a standard error of 0.50 for the regression coeYcient for the overall sample (−1.88 mm Hg/kg) compared with the GEE estimate of 0.61).
The intrapair analyses revealed regression coeYcient estimates that were closer to zero for both males and females, both sexes showing a reduction of about 1.4 mm Hg/kg. The magnitude of reduction was also approximately 1.4 mm Hg/kg when monozygotic twins were considered as a group, while the corresponding number was negligible for dizygotic twins mainly because of the group of women aged 17-18 years.
The appropriateness of controlling for current weight has been questioned, 17 and we therefore performed the analyses without controlling for current weight (table 3) . The analyses showed a regression coeYcient of −0.35 mm Hg (SE 0.68) in the overall sample and 0.60 mm Hg (SE 0.86) in the intrapair comparison. Controlling for current BMI index instead of current weight resulted in a regression coeYcient of −1.00 mm Hg (SE 0.64) in the overall sample and −0.15 mm Hg (SE 0.85) in the intrapair analyses (table  4) . Common to the subanalyses is the attenuation of the negative correlation between birth weight and blood pressure when the analyses are performed within pairs.
Discussion
Among the many phenotypes considered in the fetal programming hypothesis, blood pressure is the one that most consistently has been shown to be associated with birth weight. The size of the association is modest: from a reduction of 1-2 mm Hg/kg increase in birth weight for children to 5 mmHg/kg among elderly people. 1 6 For adolescents only few and small studies had been published until recently, but new studies on more than 149 000 18 year old Swedes and 3000 8-11 year old British children have shown associations similar to those obtained in studies of younger children, although with sex diVerences. 7 8 In our sample of adolescent twins we also found a negative association between birth weight and systolic blood pressure and it was confirmed that the association is stronger among girls. The association was reduced when we used intrapair twin comparisons, which controlled for genetic factors as well as factors associated with the mother's socioeconomic status. However, it has been argued that confounding by socioeconomic status is negligible. 1 3 The most interesting subgroup for the intrapair analyses was the monozygotic pairs, because monozygosity allows all genetic factors to be controlled for. In accordance with the hypothesis about genetic factors influencing both fetal growth and later life blood pressure, we found that the regression coeYcient estimate attenuated compared with the overall analyses. The findings in the dizygotic group were less consistent, maybe not only because of the lower level of genetic control but maybe also because of chance findings attributable to the smaller sample size compared with the monozygotic group.
The twin design used here has several advantages. Not only is it possible to control for genetic factors and maternal socioeconomic status, but because the twins are born at the same time the intrapair comparisons also control for gestational age. A concern could be that the birth weight diVerences in twins are unrelated to programming and that among monozygotic pairs twin to twin transfusion could play a part. However, Phillips 12 has argued that in twins even small weight diVerences could have a major "programming eVect" because twins are already small for date. Another concern could be that a study from New Zealand found evidence that twins have lower blood pressure than singletons when numerous factors were controlled for. 18 However, our finding in the overall twin sample of a negative association between birth weight and systolic blood pressure-of the same magnitude as seen in studies of singletons-suggests that the twin sample is well suited for testing the fetal-insulin hypothesis.
While our findings are similar to a new study of 114 adolecent twin pairs, 19 they diVer considerably from the recent twin studies by Poulter et al 9 and Dwyer et al 10 of 492 pairs of middle aged female twins and 52 pairs aged 8, respectively. Both these studies found a large birth weight eVect within twin pairs (>5 mm Hg/kg) and no attenuation when genetic factors were controlled for. Our study includes more than three times the total number of monozygotic twin pairs in these two studies, and especially the study of 8 year olds was based on a very small sample, so this may well be a chance finding. It may be the case that genetic factors play a part for the association between birth weight and blood pressure in adolescence, but not in mid-life. That is, the correlation between birth weight and blood pressure may have diVerent background at diVerent ages.
Based on the fetal programming hypothesis, public health messages are currently sent out about the influence of fetal nutrition on the health of newborns throughout life. 20 These messages may create concerns among pregnant women regarding their dietary habits before and during pregnancy. From a public health perspective this is excellent if the concerns are appropriate and result in healthier mothers and babies. On the other hand, concerns should not be introduced among millions of women without strong evidence. The fetal programming hypothesis suggests that it is fetal nourishment that causes the link between fetal growth and later life health. Our study supports the fetal insulin hypothesis that suggests that genes may contribute to the negative association between fetal growth and later life systolic blood pressure. The direct evidence provided by Dunger et al 4 of a genetic factor (the insulin gene) that aVects both fetal growth and later life health also points toward a genetic component in the association. Studies of intrapair differences in twins and siblings at various ages are two promising research areas for assessing KEY POINTS x The association between low birth weight and increased blood pressure later in life is well established. x "The fetal programming hypothesis"
suggests that the association is caused by intrauterine malnutrition. x "The fetal insulin hypothesis" proposes that genetically determined insulin resistance contribute to the association between fetal growth and later life health. x This twin study showed that the association between birth weight and systolic blood pressure attenuated when intrapair comparisons were made. x Our twin data suggest that genetic factors contribute to the association between fetal growth and systolic blood pressure in adolescence.
the magnitude of genetic confounding in the association between fetal growth and later life health.
